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Abstract 
In this work, a dynamic model of the Brindisi CO2 capture pilot plant is implemented in K-spice general simulation tool. The 
model is used to simulate relevant step changes performed during a pilot plant campaign conducted in the EU project Octavius in 
May and June 2013. Model results are compared to dynamic pilot plant data and it shows good transient agreement to the 
experimental results. The model is therefore able to capture the main process dynamics. An offset is, however, observed in some 
cases, especially during the initial simulation time. This is most likely caused by the fact that the model was given a steady state 
starting point, while the pilot plant was not necessarily completely at steady state when the step change was introduced. It is 
challenging to ensure steady state conditions prior to dynamic tests in a pilot plant, especially for one that is connected to a real 
power production unit as this one. Power production variations will act as disturbances to the capture unit, and due to slow 
transients in the solvent inventory of the capture unit, it will take several hours to ensure steady state conditions with stable inlet 
flue gas conditions.   
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1. Introduction 
CO2 capture and storage (CCS) applied to fossil fuel fired power plants is a promising technical solution to 
reduce anthropogenic carbon emissions and mitigate global warming. Post combustion CO2 capture using amine 
absorption is considered one of the most mature techniques to achieve the targets of carbon emission reduction [1]. 
Integration of a CO2 absorption unit with a power station results in a complex overall process that may lead to 
operational challenges, thus research on CO2 absorption dynamics has gained increasing interest the recent years [2]. 
The capture process has to be able to follow frequent and fast load changes without sacrificing the performance of 
the power station.  
Dynamic modelling and simulation has also been recognized as a useful tool to study the transient performance 
of the CO2 capture unit during power plant load variations [3]. Simulation studies will improve the general 
understanding of process dynamics of the CO2 absorption process, ease challenges concerning process scale-up and 
possibly identify operational bottlenecks at an early stage before full-scale capture plants are realized.  
In this work, a system of unit operations representing the Brindisi pilot plant has been implemented in K-Spice 
general simulation tool provided by Kongsberg Oil & Gas Technologies. In order to ensure the validity of the 
dynamic model, a thorough validation using proper dynamic pilot plant data is performed. Several simulation cases 
with varying flue gas flow rate, solvent flow rate and steam flow rate has been performed and the resulting transient 
responses has been compared to pilot plant data from experiments conducted in the Brindisi pilot plant.  
 
Nomenclature 
Į CO2 loading 
ai,bi,ci Constants 
E Enhancement factor 
Ffluegas Flue gas flow rate [Nm3/h] 
Gg Gas mass flux [kg/s m2] 
Gl Liquid mass flux [kg/s m2] 
kla Gas mass transfer coefficient [kmol/m3 kPa s] 
kga Liquid mass transfer coefficient [kmol/m3 kPa s] 
tab1 Table value 
tab2 Table value 
T Temperature [K] 
ǻPabs  Absorber pressure drop [mbar] 
 
2. The Brindisi pilot plant 
A fully instrumented post-combustion CO2 absorption pilot plant based on amines has been realized by ENEL in 
Brindisi, Italy. The goal was to gain experience in CO2 capture unit design and operation. The capture plant is 
attached to a full scale coal fired power plant and both units are operated by ENEL. The capture plant is designed for 
10 000 Nm3/h flue gas, capturing about 2.0 ton/h of CO2. The absorber and stripper columns contain Mellapak 
M250X structured packing of 22 meter and random packing of 11 meter, respectively. 
In the EU project Octavius a pilot plant campaign was conducted in May and June 2013 using 30 wt% 
monoethanolamine (MEA) as solvent. As part of the campaign various transient tests with step-wise changes in 
different operational parameters such as flue gas flow rate, reboiler duty and solvent flow rate has been performed, 
while the responses and performance of the capture plant has been monitored and logged every minute. The flue gas 
flow rate was not measured directly, but is estimated based on measured pressure drop in the absorber column using 
the following equation: 
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     0.4914fluegas abs3140.3 F P '      (1) 
Solvent samples were also withdrawn frequently and analyzed to determine amine concentration and CO2 
loading. The pilot plant was operated with the minimum solvent hold-up of about 61 m3 in order to get a faster 
response after step-changes were imposed. 
 
3. Dynamic process model 
A system of unit operations representing the Brindisi pilot plant has been implemented in the K-Spice general 
dynamic simulation tool. A control scheme corresponding to the control structure found in the Brindisi pilot plant is 
also applied. The process flow sheet is shown in Figure 1. 
Thermodynamic data for the specific system in study are provided from interpolation of data tables generated by 
MultiFlash provided by InfoChem ltd. A total of 3 thermodynamic tables were generated; separate tables for the 
solvent system tuned for both absorber and desorber conditions, along with a water/steam table for the reboiler.  
The thermodynamic tables are only valid for physical equilibrium between two or more phases which means that 
the chemical reaction between CO2 and MEA is not accounted for. An add-on reaction set module (ChemAbsorption 
module) is used to compensate for the MEA-CO2 reaction. This module acts as a secondary look-up table for the 
MEA-CO2 equilibrium and the chemistry of the absorption process is configured separately within this module. A 
single gas component is configured with a single liquid absorbent, thus CO2 exists as two components in the model; 
gas phase CO2 and absorbed CO2. The module contains correlations that calculate mass transfer for gas component 
to liquid absorbent and interfacial mass fluxes with an enhancement factor that compensates for the chemical 
reaction. This corresponds to a rate based approach for calculation of mass transfer.  
The mass and heat transfer is characterized by the following properties: 
• Chemical equilibrium 
• Heat of reaction 
• Mass transfer coefficients and enhancement factor 
Information about these properties is provided as tables and correlations in the ChemAbsorption module for 
various temperatures and absorbent loadings. The tables and correlation constants were generated from SINTEF's 
CO2SIM software. A figure that illustrates the table information for equilibrium pressure of CO2 at various 
temperatures and loadings is included in Figure 2. Isotherms are provided for 20 °C to 140 °C with 20 °C interval.  
The liquid mass transfer coefficient (kla) and the enhancement factor (E) are in addition correlated to gas and 
liquid mass flux through the column. The gas mass transfer coefficient (kga) is given as a correlation of gas and 
liquid mass flux only.  
 
       (2) 
 
         (3) 
 
                 (4) 
 
 
A set of packing sections interfaced with the ChemAbsorption module with 30 wt% MEA as solvent is used to 
model the absorber and stripper columns. Drums are used to model absorber and desorber sump, reboiler, condenser 
and buffer tank. All vessels are given the correct dimensions according to the Brindisi pilot plant and provided with 
level controllers to ensure correct solvent hold-up.  
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Fig. 1. Process flow sheet of the dynamic model in K-spice 
1044   Nina Enaasen et al. /  Energy Procedia  63 ( 2014 )  1040 – 1054 
 
4. Results 
4.1. Step changes in steam flow rate to reboiler 
An experiment with varying steam flow rate and constant flue gas flow rate of 10 000 Nm3/h was conducted in 
the pilot plant. The steam flow rate was ramped down from 3150 kg/h to 2400 kg/h in 3 steps and then increased 
again in 3 steps to 3330 kg/h over a total period of 27 hours. A single step change in solvent flow rate was also 
performed after 15.5 hours as illustrated in Figure 3.  
 
 
Fig. 3. Step changes in steam flow rate and solvent flow rate 
 
Fig. 2. Partial pressures of CO2 at equilibrium for various CO2-loadings and temperatures in 30 wt% MEA solution 
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The effect on released CO2 from the stripper is presented in Figure 4. The model follows the transient behavior 
observed in the pilot plant quite accurately, even though there is some deviation in the amount of desorbed CO2, 
especially for the lowest steam flow rates. The model predicts a lower CO2 flow rate than what is observed in the 
pilot experiment.  
 
 
Fig. 4. Response in CO2 flow rate from the stripper  
 
The lean and rich CO2 loadings are presented in Figure 5. The model seems to overpredict both the lean and rich 
loading slightly. However, it can be seen that the model predicts a similar transient behavior to what is observed in 
the pilot plant.  
 
 
Fig. 5. Response in CO2 loadings  
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Since the flue gas originates from a real power station, the absorber inlet CO2 concentration will naturally have 
some variations during the course of time. During this specific experimental period it varied in the range of 9 to 12.5 
vol% as shown in Figure 6 (a). The vol% of CO2 of the gas exiting the absorber is also presented in the same figure. 
The response in outlet CO2 concentration predicted by the model is compared to the pilot plant data in figure 6 (b).  
 
 
Fig. 6. (a) Absorber inlet and outlet vol% CO2; (b) Response in absorber outlet vol% CO2. 
 
The predicted absorber outlet CO2 concentration is in general higher than observed in the pilot plant data. The 
main dynamics are still captured by the model, but the observed behavior seems smoother that what is predicted by 
the model. The model predicts faster transients for the outlet absorber gas, thus there might exist some mixing 
effects in the real system that is not captured by the model.  
The absorber temperature profiles for various points in time are presented in Figure 7 and shows good agreement 
between model and pilot plant data. The transient trend is also captured. 
 
 
Fig. 7. Absorber column temperature profiles 
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The calculated CO2 capture rate for both pilot and model data is presented in Figures 8 (a) and (b). 
 
 
Fig. 8. (a) CO2 capture rate based on absorber inlet and outlet data (b) CO2 capture rate based on desorber outlet and absorber inlet data 
 
The model predicted capture rate based on absorber outlet CO2 flow (red line in Figure 8 (a)) is in general lower 
than observed in the pilot plant data due to the predicted higher amount of CO2 slipping through the absorber 
compared to the pilot plant results as showed in Figure 6 (b). The pilot plant capture rate shows again a bit smoother 
behavior compared to model predictions. This corresponds to the similar trend in figure 6 (b) and the deviation is 
most likely caused by un-modelled mixing effects.  
However, if the capture rate is calculated based on CO2 flow outlet the desorber instead of absorption in the 
absorber, the agreement between pilot and model data is much better, both in terms of level and transient behavior. 
This indicates a mass balance weakness or measurement errors for absorber inlet or outlet gas data. It might have to 
do with the CO2 analyzer measuring outlet CO2 concentration, but it can also results from the flue gas flow rate 
correlation (Equation 1). A plot of the calculated amount of CO2 captured in the pilot plant absorber compared to the 
amount of CO2 released by the desorber is shown in Figure 9.  
 
Fig. 9. Comparison of the pilot plant CO2 absorbed in absorber and CO2 released in desorber 
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A general trend of a higher amount of CO2 captured in the absorber compared to what is released in the desorber 
is observed. In fact the deviation is about 4.2 % during this period. Since these are dynamic data, they cannot be 
expected to be equal at each point in time, but they should average equal over a longer period. The measured loading 
data suggest a lower amount of CO2 absorbed in the solvent towards the end of the experiment compared to the 
beginning (a slightly smaller difference between lean and rich loading’s towards the end). This means that an even 
higher total amount of CO2 released by the desorber should have been observed compared to what is absorbed in the 
absorber, which supports the indicated error in some of the measured gas data.   
 
4.2. Step changes in solvent flow rate 
The solvent flow rate was stepped down from 35.6 m3/h to 25.6 m3/h as shown in Figure 10. The flue gas flow 
rate and steam flow rate was kept constant at 10 000 Nm3/h and 2900 kg/h, respectively, during this period. The 
total time for this experiment was 5 hours. 
 
 
Fig. 10. Step changes in solvent flow rate  
 
The step change in solvent flow rate did hardly affect the released CO2 in desorber as illustrated in Figure 11. A 
small step down in the response is, however, observed both in pilot plant and model results after 2.2 hours. The lean 
and rich CO2 loadings are presented in Figure 12. As for the previous case the model seems to overpredict both the 
lean and rich loading slightly. The deviation is larger in the beginning of the simulation time and decreases towards 
the end. A loading decrease is observed for lean solvent both in model and pilot plant results. The initial deviation 
might have to do with the fact that the pilot was not completely at steady state when the step change in solvent flow 
rate was introduced due to previous dynamic testing or other external disturbances. The same offset in initial CO2 
flow rate from stripper (Figure 11) supports this theory. 
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Fig. 11. Response in CO2 flow rate from the stripper  
 
 
Fig. 12. Response in CO2 loadings  
 
The inlet vol% of CO2 to the absorber varied a bit during this period, but a clear response in the absorber outlet 
vol% of CO2 is observed when the solvent flow rate was reduced. The inlet and outlet CO2 concentration is plotted 
in Figure 13 (a). The response in outlet CO2 concentration predicted by the model is compared to the pilot plant data 
in Figure 13 (b).  
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Fig. 13. (a) Absorber inlet and outlet vol% CO2; (b) Response in absorber outlet vol% CO2. 
 
The predicted absorber outlet CO2 concentration is in general higher than observed in the pilot plant data and the 
response predicted by the model shows slightly faster transients than what is observed in the pilot data. Again as for 
the previous case there might exist some mixing effects in the real system that is not captured by the model. 
The calculated CO2 capture rate for both pilot and model data is presented in Figures 14 (a) and (b). 
 
 
Fig. 14. (a) CO2 capture rate based on absorber inlet and outlet data (b) CO2 capture rate based on desorber outlet and absorber inlet data  
 
Again the capture rate calculated based on desorber outlet CO2 flow shows a much better agreement between 
model and pilot plant data. The initial offset between pilot plant CO2 capture rate calculated by absorber data only 
(95%) and desorber outlet CO2 flow (80 %) supports the theory of pilot plant not being at steady state initially.  
A plot of the calculated amount of CO2 captured in the absorber compared to the amount of CO2 released by the 
desorber is shown in Figure 15. Again a general trend of a higher amount of CO2 captured in the absorber compared 
to what is released in the desorber is observed. The overall deviation for this period is about 2 %. However, it should 
be noted that the experimental period is much shorter in this case (only 5 hours compared to 27 hours in the first 
case) and that the pilot plant was not at steady state initially. The basis for comparison of absorbed and desorbed 
CO2 is therefore not as relevant as for the former case.  
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Fig. 15. Comparison of CO2 absorbed in absorber and released in desorber  
 
4.3. Step changes in flue gas flow rate 
A third case that was tested in the pilot plant and afterwards simulated was step changes in flue gas flow rate. The 
flue gas flow rate was decreased from 11 000 Nm3/h in two steps to 10 000 and 8 900 Nm3/h as shown in Figure 16. 
The total time for this experiment was 10 hours and the solvent flow rate and steam flow rate to reboiler was kept at 
a constant level during this period.  
 
 
Fig. 16. Step changes in flue gas flow rate  
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The step change in flue gas flow rate did not affect the amount of released CO2 in the desorber or CO2 loadings 
significantly as illustrated in Figures 17 (a) and (b). 
 
 
Fig. 17. (a) Response in CO2 flow rate from the stripper (b) Response in CO2 loadings 
 
As for the previous cases the model tends to overpredict both the lean and rich loadings slightly.  
The flue gas CO2 concentration was quite stable at 10-11 vol% during this period. The response in outlet CO2 
concentration predicted by the model is compared to the pilot plant data in Figure 18.  
 
 
Fig. 18. Response in absorber outlet vol% CO2. 
 
The predicted absorber outlet CO2 concentration is in general higher than observed in the pilot plant data but the 
transient behavior is represented very well. The lag that was observed for varying solvent flow rates is not detected 
in this case, which suggests the possible mixing effects are related to solvent flow rate variations.  
The calculated CO2 capture rate for both pilot plant and model data is presented in Figure 19. 
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Fig. 19. (a) CO2 capture rate based on absorber inlet and outlet data (b) CO2 capture rate based on desorber outlet and absorber inlet data  
 
Again the capture rate calculated based on desorber data shows a much better agreement between the model and 
the pilot plant. A plot of the calculated amount of CO2 captured in the absorber compared to the amount of CO2 
released by the desorber is shown in Figure 20. Again a general trend of a higher amount of CO2 captured in the 
absorber compared to what is released in the desorber is observed. The overall deviation for this period is about 7 %. 
 
 
Fig. 20. Comparison of CO2 absorbed in absorber and released in desorber  
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5. Discussion and conclusion 
In general the model predicts a lower CO2 capture rate compared to pilot plant results. However, the fit is better 
for capture rates calculated based on desorber outlet CO2 flow than for absorber outlet CO2 flow as seen in Figures 
8, 14 and 19. The calculated amount of CO2 captured in the absorber is in general higher than what is released from 
the desorber for the pilot plant data as shown in Figure 9, 15 and 20. This suggests a mass balance weakness for the 
pilot plant or possible measurement errors for absorber inlet or outlet gas data. One possible source of error might be 
the flue gas flow rate correlation (Equation 1), which does not take into account gas density variations due to 
fluctuations in inlet gas temperature, pressure or composition. It is therefore likely that the inlet flue gas flow rate is 
overpredicted by this correlation. This result in a higher predicted absorber CO2 input to the model which causes a 
larger CO2 slip through the absorber column and consequently lower CO2 capture rate compared to the experimental 
results. The desorber outlet CO2 flow rate is therefore more reliable for capture rate calculations. By performing the 
simulations with a more realistic flue gas flow rate, the absorber outlet CO2 concentration would probably have been 
shifted downwards and a better fit between the model and pilot plant results would have been obtained in Figures 6 
b), 13 b) and 18.    
There is also a tendency of overprediction of rich and lean CO2 loadings in the model. These parameters are 
naturally highly related and will affect each other. A possible explanation of the observed deviation might be that K-
spice only allows the add-on reaction set module to be interfaced with the packing sections, and not with the drum 
that represents the reboiler. Thus the modelled reboiler does not include chemical equilibrium in the flash 
calculations and the resulting phase distribution is therefore given by the physical equilibrium only. This result in 
slightly higher lean loadings compared to pilot plant data, which again affects the rich loadings. It should also be 
noted that a 5 % error in loading analysis is probable.     
One challenge for validation studies is providing a reasonable starting point for the model before a step change is 
simulated. K-spice does not allow actual initial state conditions (given by pilot data) to be loaded, thus the best way 
is to run the model until steady state and start the simulation with the calculated states at stable conditions. However, 
the pilot plant which in this case is attached to a real power station might not be at steady state initially due to flue 
gas disturbances in composition, flow rate and temperature, steam quality and flow rate disturbances or other 
external disturbances that are not measured. Even when the pilot plant seems to be stable it might still not be at 
steady state due to slow transients which takes hours to adjust. These effects are more significant for larger relative 
solvent hold-ups, where the overall retention time is higher. The total solvent hold-up in the Brindisi pilot plant was 
during this particular campaign about 61 m3, which with a solvent flow rate of 30 m3/h gives an overall solvent 
retention time of about 2 hours. CO2 loadings and other solvent parameters will therefor adjust very slowly 
compared to for instance absorber outlet gas parameters such as temperature and composition, and the pilot plant 
might therefore not be at steady state even when parameters seems stable.   
Even though an offset is observed between model and pilot plant data, especially initially as discussed above, it 
seems like the model is able to capture the main dynamics of the pilot plant and similar transient responses are 
observed. The model predicts slightly faster and more sensitive dynamics for the absorber column compared to the 
pilot results, which indicates a tendency of back-mixing effects in the real system that is not captured by the model.  
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